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ABSTRACT
Context. Young giant planets, which are embedded in a circumstellar disk, will significantly perturb the disk density distribution. This
effect can potentially be used as an indirect tracer for planets.
Aims. We investigate the feasibility of observing planet-induced gaps in circumstellar disks in scattered light.
Methods. We perform 3D hydrodynamical disk simulations combined with subsequent radiative transfer calculations in scattered
light for different star, disk, and planet configurations. The results are compared to those of a corresponding study for the (sub)mm
thermal re-emission.
Results. The feasibility of detecting planet-induced gaps in scattered light is mainly influenced by the optical depth of the disk and
therefore by the disk size and mass. Planet-induced gaps are in general only detectable if the photosphere of the disks is sufficiently
disturbed. Within the limitations given by the parameter space here considered, we find that gap detection is possible in the case
of disks with masses below ∼ 10−4···−3 M⊙. Compared to the disk mass that marks the lower Atacama Large (Sub)Millimeter Array
(ALMA) detection limit for the thermal radiation re-emitted by the disk, it is possible to detect the same gap both in re-emission and
scattered light only in a narrow range of disk masses around ∼ 10−4 M⊙, corresponding to 16% of cases considered in our study.
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1. Introduction
Observations obtained with high angular resolution, high con-
trast near-infrared observation techniques show strong evidence
of gap structures and young giant planets in face-on circumstel-
lar disks (e.g., Quanz et al. 2013a,b). However, the interpretation
of these scattered light images as indicators of planet-disk in-
teraction is quite uncertain because shadowing and wavelength-
dependent optical depth effects may result in similar structures
in the observed images (e.g., Sauter & Wolf 2011). Addition-
ally, nonaxisymmetric structures in the disk density distribution,
which are not induced by planet-disk interaction, have been pre-
dicted (e.g. Wolf & Klahr 2002; Cossins et al. 2010; Ruge et al.
2013). Therefore, it is necessary to perform complementary and
independent observations of the potential planet-forming regions
in circumstellar disks to disentangle the individual underlying
scenarios (Wolf 2008). A promising means to accomplish this
is offered by the thermal disk emission in the (sub)mm wave-
length regime, where the density profiles of disks in face-on
orientations and, thus, planet-induced gaps can be traced di-
rectly (e.g., Wolf & D’Angelo 2005, Gonzalez et al. 2012; Ruge
et al. 2013). Beginning about two years ago, the Atacama Large
(Sub)Millimeter Array (henceforth ALMA) has allowed one to
perform first of these observations (e.g.,van der Marel et al.
2013; Isella et al. 2013; Pérez et al. 2014).
In the following, we present our investigations of the near-
infrared scattered light detectability of planet-induced gaps in
circumstellar disks. Earlier studies for this wavelength range
⋆ ruge@astrophysik.uni-kiel.de
have been performed by Varnière et al. (2006), Wolf (2008), and
Jang-Condell (2009), but were limited to the use of 2D hydrody-
namical (henceforth HD) calculations of the disk structure with
an assumed Gaussian vertical profile. In contrast, our approach
is based on 3D HD calculations and follow-up radiative transfer
calculations. The resulting scattered light images are compared
to the outcome of a corresponding study concerning thermal disk
re-emission (Ruge et al. 2013).
We consider disk masses between 10−6 M⊙ and 10−2 M⊙, disk
outer radii ranging from 90 AU to 225 AU, and two types of cen-
tral stars. The distance of the object is assumed to be 140 pc and
the observability of the planet-induced gap is investigated for
various disk inclinations, from face- to edge-on.
2. Modeling techniques
Hydrodynamical simulations: We focus on ideal isothermal
3D HD disk simulations with variations of scale height H/r ∈
{0.03, 0.07} and α-viscosity α ∈ {0, 10−3, 10−2}. The disks are
perturbed by a planet with a planet-to-star mass ratio q of 10−3
or 2 × 10−3. These parameters are essential for the properties of
a planet-induced gap. The depth and width of a planet-induced
gap in the disk density distribution increases both with increas-
ing planet-to-star mass ratio and decreasing scale height and vis-
cosity (Papaloizou & Lin 1984). For example, Fig. 1 shows the
disk density profile along a vertical and horizontal cut for a disk
model with α = 0, q = 10−3, and H/R = 0.07, which is equal
to model SP1 in Ruge et al. 2013. It will be referred to as SP1
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Fig. 1. Density distribution of the disk model SP1 in the midplane of the
disk and along a vertical cut through the disk (indicated by the dashed
line in the midplane density plot) in arbitrary units in logarithmic scale.
The vertical density distribution of the gap is shown as an inset with a
different color-scale.
here. All simulation techniques and assumptions used here are
described in detail in Ruge et al. (2013).
Radiative transfer: The scattered light radiative transfer simu-
lations are performed with the Monte Carlo-based 3D continuum
radiative transfer code MC3D (Wolf et al. 1999; Wolf 2003).
The dust consists of 62.5 % silicate and 37.5 % graphite (opti-
cal data from Weingartner & Draine 2001) with a dust density
of ρdust = 2.7 g cm−3. The dust grain size distribution follows a
power law, n(a) ∝ a−2.5 for a ∈ [0.005 µm, 100 µm] (Dohnanyi
1969). The dust properties are identical to the case of large dust
in Ruge et al. (2013). The star and planet are both considered
radiation sources in blackbody approximation.
Setup: The considered parameter space is a subset of that pre-
sented in Ruge et al. (2013). The HD models are scale free,
which allows us to scale them in mass and size. In the unscaled
case, the disks range from 2 AU to 9 AU with the planet at 5 AU.
The disk size is adapted by scaling the disk in the radial direction
with a factor k ∈ {10, 13, 16, 19, 22, 25}. The total disk mass is
considered to be M = 2.7× 10−6···−1 M⊙, with a dust to gas mass
ratio of 1/100. For the central star, we consider a T Tauri star with
T = 4000 K, L = 0.95 L⊙, and M = 0.5 M⊙, and a Herbig AE
star with T = 9500 K, L = 43 L⊙, and M = 2.5 M⊙. As in Wolf
& D’Angelo (2005), we assume a planet with T = 1000 K and
L = 10−4 L⊙. We calculate the synthetic scattered light images
for the wavelengths 1.0 µm, 2.2 µm, 4.0 µm, and 5.0 µm, and in-
clinations of the object of i ∈ {5◦, 15◦, 30◦, 45◦, 60◦, 75◦, 90◦}.
The thermal emission of the disk is neglected in the selected
wavelength range. This assumption is verified by a small ratio
between the thermal disk emission and scattered radiation. The
maximum ratio, which is reached in the entire parameter space,
is 0.12% at a wavelength of 5.0 µm.
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Fig. 2. Example of the brightness profile that is used in the assessment
process for detecting gaps discussed in § 2 in detail. The presence of a
gap at 80 AU is indicated. The total disk mass is 2.7 × 10−4 M⊙ and the
disk is oriented face-on. The underlying disk model is SP1. The star is
a T Tauri star and the results are shown for a wavelength of 2.2 µm.
Analysis: The tidal interaction between a circumstellar disk and
an embedded giant planet (≈ 0.1% of the stellar mass) will in-
duce an axisymmetric gap in the disk density distribution along
the entire orbit of the planet (Papaloizou & Lin 1984). In partic-
ular, this azimuthal symmetry of the gap is interesting. To trace
planet-induced gaps in ideal scattered light images, we calcu-
late the azimuthally averaged and inclination-corrected bright-
ness profile of the disk. For moderate disk inclinations (i ≤ 45◦),
this helps us to achieve a maximum of signal-to-noise.
For example, Fig. 2 shows the brightness profile of a disk
model with the planet at a semi-major axis of 80 AU in a face-
on orientation. The minimum in the profile at roughly 80 AU is
directly linked to the gap formed by the planet in the disk density
distribution (see Fig. 1). This minimum divides the profile into
the signals of the inner and outer parts of the disk. In the inner
part of the disk, the flux of the scattered light reaches its global
maximum.
To detect a gap, we assess all brightness profiles in the fol-
lowing way. First, we search the characteristic flux minimum in
the brightness profile F0. After that, we search for the maximum
flux Fmax at radii larger than the location of the minimum. Then,
we define the contrast ratio ζ = (Fmax−F0)/Fmax . A gap is considered
as detected in the brightness profile if ζ > 0.1 and the location
of the minimum is consistent (deviation smaller than the width
of the gap) with the semi-major axis of the planet. Additionally,
the difference between the maximum Fmax and the flux value at
the orbital position of the planet F0 has to be larger than three
times the noise in the scattered light images due to the Monte
Carlo nature of the calculations. In our simulations, the planet
contributes a direct signal to the brightness profile, this more ac-
curately approximates what one would observe.
For inclinations above 45◦, we use the brightness distribution
of a cut through the disk along the dashed line in Fig. 1. These
brightness cuts are then assessed in the same way as for lower
inclinations. Through the position of the cut, the planetary signal
is not considered in this assessment.
In general, this method avoids the false identification of gaps,
created by shadowing effects, as planet-induced gaps because we
only consider gaps at the exact planetary position. Additionally,
gaps created by shadowing effects will not show the strong disk
mass dependency we present in the results section (§ 3) because
for each case they are limited to a particular disk mass. The plan-
etary signal is only discussed in course of the assessment of the
brightness profiles. Further results dealing with the direct plane-
tary signal are not presented yet.
Article number, page 2 of 4
Ruge et al.: Detecting planet-induced disk structures
225
198
171
144
117
90
Mass [M⊙]
 
 2.7×10−3
H/r=0.03
α=0.0
q=0.001
H/r=0.03
α=0.001
q=0.001
H/r=0.03
α=0.01
q=0.001
SP1
H/r=0.07
α=0.0
q=0.001
H/r=0.07
α=0.001
q=0.001
H/r=0.07
α=0.01
q=0.001
H/r=0.03
α=0.0
q=0.002
H/r=0.03
α=0.001
q=0.002
H/r=0.03
α=0.01
q=0.002
H/r=0.07
α=0.0
q=0.002
H/r=0.07
α=0.001
q=0.002
H/r=0.07
α=0.01
q=0.002
225
198
171
144
117
90
 2.7×10−4
5 15 30 45
225
198
171
144
117
90
  
  
  
O
u
te
  
 a
d
iu
s 
[A
U
]
 2.7×10−5
5 15 30 45
                    Inclination of the disk [deg]
5 15 30 45 5 15 30 45 5 15 30 45 5 15 30 45 5 15 30 45 5 15 30 45 5 15 30 45 5 15 30 45 5 15 30 45 5 15 30 45
−12
−10
−8
−6
lo
g
 (
C
o
n
t 
a
st
  
ou
te
r
d
is
k
−
st
ar
) Fig. 3. Exemplary extraction of the results of
this study for the wavelength λ = 2.2 µm. If
a combination of the parameters wavelength,
disk size, and mass (focus on masses between
10−3 M⊙ and 10−5 M⊙) and inclination (focus
on inclinations ≤ 45◦) leads to a possible gap
detection (see § 2), the contrast between outer
disk and star is color-coded. The colorbar is
presented in log scale. Each disk model, indi-
cated by the parameters scale height (H/r), vis-
cosity (α), and planet-to-star mass ratio (q), is
presented in its own column. The fourth col-
umn presents the results for the disk model SP1,
which is selected as an example in the text. The
central object is a T Tauri star.
3. Results
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Fig. 4. Example of the synthetic object images of the disk simulation
SP1 at 2.2 µm for three inclinations listed top left in each plot. The disk
has an outer radius of 144 AU and a total mass of 2.7 × 10−4 M⊙. The
star is a Herbig Ae. The direct stellar radiation has been removed.
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Fig. 5. Comparison of the number of traced gaps in case of 2.2 µm
scattered light and the thermal re-emission case at 1300 µm taken from
(Ruge et al. 2013) for the disk model SP1.
Figure 3 summarizes the outcome of our study for a wave-
length of 2.2 µm. If a combination of the parameters inclination,
disk size, and mass, central star and wavelength lead to a detec-
tion of a planet-induced gap (in course of our definition in § 2)
the corresponding contrast level between the outer disk (Fmax)
and star is plotted color-coded and in logarithmic scale into the
figure. Figure 4 provides an example of the ideal scattered light
images, which are used in this study.
Disk mass and size: As the main result, we find that gaps
in our setup are only detectable for total disk masses below
2.7 × 10−4 M⊙ in the case of a scale height of H/r = 0.07 and
2.7 × 10−3 M⊙ in the case of a scale height of H/r = 0.03. For
the disk model SP1 (H/r = 0.07), this is also the lower limit for
detections of gaps by ALMA in the (sub)mm wavelength range,
found by Ruge et al. (2013). The histogram in Fig. 5 shows for
different disk masses the distribution of traceable gaps both for
the scattered light at 2.2 µm (blue) and for the thermal disk emis-
sion at 1300 µm with ALMA (red). It shows, that it is in the ma-
jority of cases not possible to detect a planet-induced gap both in
scattered light and in the (sub)mm disk re-emission with ALMA.
This suggests that a mutual confirmation of observing results is
feasible only in a very narrow range of disk masses (16% of
cases for 2.7 × 10−4 M⊙, see Fig. 5).
The reason for this behavior is the optical depth structure of
the disk given by the density distribution and the wavelength-
dependent optical properties of the dust. The scattered light in
the near- and mid-infrared range traces the photosphere of the
disk corresponding to an optical depth equal to one for the se-
lected wavelength. The gap is only traced in the final image if
the photosphere shows evidence of a gap. Thereby, a gap is visi-
ble if the local gradient in the radial direction of the photosphere
changes significantly. In our 3D HD disk simulations (see Fig.
1) the density above the midplane in the zone of the gap is still
large enough to create a significant contribution to the optical
depth. For total disk masses above 2.7 × 10−4 M⊙ (H/r = 0.07)
and 2.7 × 10−3 M⊙ (H/r = 0.03) this is sufficient to completely
mask the gap. Figure 6 shows the photospheres of a disk for
the disk masses 2.7 × 10−3 M⊙ and 2.7 × 10−4 M⊙ for a selected
rescaled version of the model SP1 (Rin = 38 AU, Rout = 198 AU,
H/r = 0.07) at a wavelength of λ = 5.0 µm. The gap is invisible
for a disk mass of 2.7 × 10−3 M⊙, while for 2.7 × 10−4 M⊙ the
gap is identified by a variation of the gradient of the profile. Al-
though the density distribution of the disk is strongly perturbed
by the planet, both photospheres shown in Fig. 6 are nearly ro-
tationally symmetric. This additionally masks the presence of a
massive substellar object in the disk.
The turbulence through viscosity directly influences the
depth of the planet-induced gap. For this reason, the number of
detectable gaps is reduced for the disk model with H/r = 0.07,
α = 0.01 and q = 0.001 (see Fig. 3). For lower viscosities and
higher planet-to-star mass ratios, turbulence only slightly influ-
ences the results, however, additional variations of the photo-
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Fig. 6. Photosphere of the selected disk model
SP1 (Rin = 38 AU, Rout = 198 AU, H/r = 0.07)
at λ = 5.0 µm and with two different disk
masses. The gap is detectable in the scattered
light if the gap is traced by a variation of the
gradient in the radial direction of the vertically
integrated optical depth. This is only the case
for a disk mass equal or below 2.7 × 10−4 M⊙,
as shown on the bottom.
sphere can be expected once 3D HD calculations consider com-
plete thermodynamics of the disks.
For a static scale height, the number of traced gaps does not
differ for either star in our setup. This is due to the linear scal-
ing between scattered and incident radiation flux. However, the
stellar component has a strong impact on disk temperature dis-
tribution. The scale height of the disk again depends on the tem-
perature distribution. The stellar component, therefore, affects
the detectability of gaps in scattered light by its influence on the
scale height.
Since the optical depth decreases with increasing wave-
length, the feasibility of detecting gaps increases with wave-
length. Tests using ideal 20 µm images (including both scattered
and re-emitted radiation) showed that it is possible to move the
upper limit in disk mass (up to a factor of 10). Additionally,
depending on the wavelength, we notice that the planet can be
identified as an embedded source in the disk, although a gap de-
tection is not feasible.
4. Conclusion
We present a feasibility study to identify planet-induced gaps
in circumstellar disks through high-angular resolution observa-
tions at near-infrared wavelengths (1.0 µm to 5.0 µm). We com-
pare our results to those obtained in the (sub)mm range (Ruge
et al. 2013). Our main results are:
– To determine the correct shape of the wavelength-dependent
photosphere of the disks, a 3D disk model including the ver-
tical disk density structure is indispensable because simpler
approaches (e.g., Gaussian flaring in vertical direction) can
overestimate the detectability of planet-induced gaps.
– Based on our disk models, within a mass range from 10−1 M⊙
to 10−6 M⊙, we conclude that planet-induced gaps can only
be traced in scattered light for total disk masses below the
upper limit of ≈ 10−4 M⊙ in the case of a scale height of H/r =
0.07 and ≈ 10−3 M⊙ in the case of a scale height of H/r =
0.03. A decreasing scale height of the disk can increase the
upper mass limit (in our setup up to a factor of 10). The upper
limit for scattered light was found by Ruge et al. (2013) to be
the lower limit for gap detections in the (sub)mm wavelength
range with ALMA for our disk model SP1. Because of that,
the observation of gaps could possibly be mutually exclusive
in either scattered or (sub)mm re-emitted light with today’s
instruments.
– As the next important step, the continuation of our study has
to focus on the detailed structure of the optically thin upper
layers of the disk because the electromagnetic and particle
radiation of the stellar component is expected to have an af-
fect of major interest on them.
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